In this study, the application of direct current arc plasma discharge is discussed through computational analysis on the flow around a bump-up shape over a surface of a typical hypersonic vehicle under 20-km altitude and Mach-5 flight condition. Numerical simulation based on our simple plasma model suggested that the front pressure over a bump-up slope could be decreased by the use of plasma actuation method proposed in this study. The plasma source generated at 7 cm ahead of the bump successfully reduced the drag coefficient for more than 56%, changing the surface flow to go smoothly along the surface of the bump shape. 
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Introduction
Flow control by means of plasma discharge has been received a great deal of research attention in the field of aerodynamic control. Recent researches revealed that plasma discharge is applicable to a flow control, capable of improving aerodynamic characteristics of the vehicles such as the minimization of drag force 1, 2) . It is well known that aerodynamic control devices with plasma discharge are advantageous over commonly-used mechanical control surfaces such as flaps. For example, they do not have any mechanical actuator thereby avoiding mechanical failure and the absence of protruding surface or cavity due to the settlement of the flow control device helps the vehicles moderate local heating problems or noise generation caused by the surface shape. Although a variety of researches are dedicated to the flow control methods in subsonic and supersonic flow regime, the number of researches on hypersonic flow control is quite limited.
In our previous researches 3, 4) , the application of direct current plasma discharge was investigated as a hypersonic flow control method. The investigation of flow over flat plate revealed that the discharge generated over the surface could generate local pressure variation and affect the separation location. This phenomenon can be explained by the energy addition effect at the discharge area. In our previous investigation, these effects can be split into two types of energy addition: one is the energy addition to the translational energy mode and the other is the one to the vibrational energy mode under the assumption of Park' two temperature model 5) . Although the basic effect of the discharge has been studied so far, its application to hypersonic flow field has not been discussed yet. In this study, the flow control in front of a bump-up-shaped surface is studied and its drag reduction effect is evaluated with numerical simulation.
The drag reduction is one of the challenging techniques for hypersonic vehicles. When there are any extruding parts over the surface of hypersonic vehicles, strong shock waves are generated ahead of the extruding bump-up surfaces, raising static pressure on the body and resulting in greater body or drag force. As a method to reduce the drag force imposed on a bump-up surface, the plasma actuation investigated and proposed in this study would be one of the candidates. In this work, a drag reduction method by the use of direct current arc plasma discharge generated ahead of a bump-up surface is proposed and its effectiveness is evaluated with numerical analysis.
Since the total enthalpy of a hypersonic flow is much larger compared to the one in a supersonic flow, a direct current plasma discharge was employed to control the flow which was proposed in our previous research.
The objectives of this research are to (1) simulate the flow field around a simple bump-up surface at 20-km altitude with the cruising speed of Mach 5 and to (2) evaluate the drag reduction effectiveness of the plasma actuation method proposed in this study.
Numerical Procedure
In this analysis, the flight condition is determined as listed in Table 1 . The cruising altitude is set to be 20 km, which is a typical altitude for hypersonic vehicles that are under consideration by many recent researches. The geometry of the computational domain is illustrated in Fig. 1 . The computational domain represents a surface of a hypersonic vehicle with a bump-up shape of a 20-degree leading angle and 18.2-mm height. The Reynolds number evaluated based on the height of the extruding surface is about 1.9 x 10 5 .
(a) Schematics of the computational domain.
(b) computational grid. In this study, the computational domain consists of 151 x 61 grid points as shown in Fig. 1 . The bump-up surface has 20-degree leading angle with 5 cm width and 1.82 cm height. As a plasma actuation method, the discharge regions are set on two different locations, S1 and S2, as illustrated in Fig. 1(b) where S1 is at the root of the bump and S2 is 7cm ahead of S1. In this simulation, plasma actuation effects with the discharge at S1 and S2 are investigated.
As a plasma simulation model, energy addition model proposed in our previous research is employed. The governing equations are the 2-dimensional Navier-Stokes equations with the Gupta's formulation of 11-species model 6) under the assumption of Park's two temperature model.
(1) (2) where Q heat represents the heat addition from the plasma and these heat additions are given in accordance with the equation:
where Q exp is typical amount of the consumed energy in our previous experiments and is set to be 1GW/m in this work. with 2nd-order precision was applied to the advection terms, 2nd-order central difference scheme was used for the viscous term discretization. Since flow field is assumed to be a steady state problem, 1st-order Matrix-Free Gauss-Seidel method 8) was employed as a time integration method. Evaluation of thermodynamic properties is based on Gnoffo's method 9)
. In the computational analysis, the cruising Mach number is set to be 5.0. Other free-stream properties are determined as listed in Table 1 . For the purpose of examining the effects of flow actuation with different discharge positions illustrated in Fig. 1(b) , following three cases are numerically analyzed.
The simulation cases are: (case A) Mach 5 flow without plasma control (case B) Mach 5 flow with plasma actuation at S1: at the bump's root (case C) Mach 5 flow with plasma actuation at S2: at 7cm ahead of the bump After the simulation, the drag coefficient is evaluated and the drag reduction effectiveness is estimated.
Numerical Results and Discussions
As a result of the simulation, steady-state flow field was obtained in all the cases. The grid convergence is examined and confirmed with finer and coarser computational grids. The computational results of the pressure contour, the density contour and the magnified streamlines are shown in Figs. 2, 3 and 4 respectively. It is obvious that, by comparing the streamlines in Fig. 4 , plasma discharge generated ahead of the bump will make the surface flow separate and the recirculation region together with vortices is formed over the slope. The size of the separation region in Case C is much larger than that in Case B. With this plasma actuation, the pressure at the surface of the bump decreases as is clearly seen in the pressure contours in Fig. 2 . In order to clarify the pressure change over the slope of the bump, the surface pressure near the slope region is shown in Fig. 5 . If the discharge is placed much ahead of the bump in Case C, the amount of pressure reduction is greater than that of Case B with plasma actuation at the root of the bump. The density contour in Fig. 3 suggests that, in Case B, the separation shock that emerges at around x=0.25 in Fig. 3(b) changes the surface flow direction slightly as in Fig. 4(b) and thereby weakening the shock strength at the bump. This plasma-actuation characteristics is much emphasized in Case C. Fig. 3(c) suggests that the separation shock emerges at x=0.2 much ahead of that in Case B. This leading shock would allow the flow to make much larger recirculation region and make the surface flow to get over the bump smoothly, thereby reducing the surface pressure much smaller than those of the other cases.
Judging from above observations, it is expected that there is some drag reduction effect due to the reduced surface pressure over the bump. In order to evaluate the drag-reduction effectiveness, two-dimensional drag coefficient C d is evaluated with the following equation.
(4)
The result of the drag coefficient evaluation is listed in Table  2 . It is revealed that the drag coefficient is reduced by 18.8% in Case B with the plasma actuation at the root of the bump. Much more drag reduction is achieved in Case C. When locating the plasma actuation 7cm ahead of the root, 56% drag reduction is attained. These drag reduction is due to the surface pressure decrease conducted by the plasma actuation. It is concluded that the plasma actuation method proposed in this study is effective in reducing the drag force over the bump-up shape at hypersonic speeds.
Conclusion
Computational analysis for the flow control effect of plasma discharge at the bump-up shaped surface was conducted to examine the drag reduction efficiency at Mach-5 hypersonic speeds at 20-km altitude. The thermochemical nonequilibrium simulation based on the simple plasma actuation model showed that the surface flow is modified and generates a recirculation region together with vortices. In case of the present bump surface, such surface flow modification causes the reduction in the effective bump angle, and the drag coefficient was significantly reduced by 56% in comparison with the non-controlled case.
